This paper studies failure of birch pulp-polylactic acid composites. Stiffness and strength are calculated using the theory of short fibre composites and the results are compared to experimental data. The results differed from the experimental values by 0-6%. With less aligned fibres the short fibre theory is not feasible. The performance of the 40 wt% birch pulppolylactic acid composite is predicted with X-ray microtomography based finite element modelling, and the results are compared with experiments. Stiffness results differed from experiments by 1-17% . By adding into the models a third material phase representing the interface between the fibres and the matrix, the stress-strain curve of the composite was obtained with good accuracy. The work presents finite element modelling methodology of wood plastic composites and the critical further steps needed in order to assess the stress-strain behaviour, strength and stiffness. Tools for comparing different wood plastic composite microstructures are also presented.
Introduction
Polymer composites containing wood-based cellulose fibres -wood plastic composites (WPCs) -are promising materials for various applications utilised in injection moulding, extrusion or compression moulding. The advantages of wood fibres over other plant-based cellulose fibres are their low cost, uniform quality, good availability and the ability to use preforms manufactured with paper-making technology. Additionally wood fibres do not compete with food cultivation. WPCs have low density, low equipment abrasion caused by wood fibres and WPCs can be easily surface modified. 1, 2 An often applied biodegradable polymer is stereoselective polylactic acid (PLA), one of the stereoisomers of PLA. 1 PLA is an interesting bio-based polymeric matrix due to its biodegradability, sealing ability, high tensile strength properties and good availability. The mechanical properties are similar or better than those of, e.g. polypropylene, which makes it attractive in single-use packaging applications. It has, however, also some limiting properties such as low thermal stability and brittleness. Those have been improved by, e.g. addition of natural fibres to the polymer.
Wood fibres are naturally hydrophilic. This and the resulting poor bond with hydrophobic matrix make the material susceptible to moisture and reduce the strength of the composite. It is also difficult to gain good dispersion of the fibres to the polymers. Short fibre length (0.2-0.8 mm) also limits achievable material strength. Literature presents several methods to improve dispersion and fibre-polymer interaction through fibre selection, chemical and physical modifications and coupling agents. 3, 4 Wood fibre-PLA interphase is studied in several papers by Almgren, who has utilised Halpin-Tsai's and Hashin and Rosen's viscoelastic models and studied moisture behaviour of fibres and fibre-fibre interaction effect on composite properties. 5 Peltola et al. studied plastic processing and dispersion of various wood cellulose fibre types in PLA and PP composites and found out that fibres disperse better in PLA, but are going through quite high fibre length reduction due to processing. 6 Chinga-Carrasco et al. 7 applied X-ray microtomography (X-mCT) to injection moulded PLA-kraft pulp composites and found it to be the most appropriate method for exploring the surface and bulk structures of fibre-reinforced composites non-destructively. The results revealed a significant reduction of the fibre length from >1500 mm to <200 mm in the process, which could impose a limitation in the proper application of wood fibres as reinforcement in biodegradable composites.
Predictions regarding the performance of short fibre composites with various methods have been applied before by other research groups. Joffre 8 studied structure and the hygroelastic behaviour of wood fibre composites utilising X-mCT and finite element method (FEM). Micromechanics of the bond between wood fibres and polymer matrices with X-mCT and the material point modelling method has been investigated by Schwarzkopf et al. 9, 10 Imperfect bond is one of the two most critical issues affecting strength of WPCs. The other is the length of the fibres. Madsen et al. 11 assessed stiffness and strength of cellulosic fibre -starch acetate composites with the short fibre theory. Eitzenberger 12 and Lu 13 have written good reviews on the methods for predicting stiffness and strength of short fibre composites. There are many different methods for predicting stiffness, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] but most of the methods work well only for small fibre volume fractions. Pan's method 20 has no restriction for fibre volume fraction and was chosen for stiffness prediction in the present work.
Several researchers have studied failure of short fibre composites. Curtis et al. 21 used modified rule of mixtures and Cox's shear lag analysis. 22 Kelly and Tyson 23 used an extension of the rule of mixtures by taking into account both fibre length and fibre orientation in a study of fibre reinforced metals. Fu and Lauke 24 studied effects of fibre length distribution and fibre angle distribution on the strength of short fibre composites. They studied fibre breaking and fibre pull-out. Chen 22 started from the potential failure modes of continuous fibre composites and took the fibre length into account by length efficiency factor and fibre orientation into account by considering coordinate transformation of stresses in an orthotropic material. This paper studies the failure of birch pulp -PLA composites without chemical or physical modification aiming at modelling the tensile strength properties of the composites. The starting points are fibre length and radius distributions obtained by a fibre analyser, scanning electron microscopy (SEM) images of the composites and on the other hand X-mCT pictures of injectionmoulded composites. The stiffness and strength of the composites are studied by tensile tests, analytical methods and X-ray tomography-based finite element method (FEM). The aim of the paper is to present the modern methodology of modelling stiffness and strength of WPCs as well as to critically assess the potential and the limitations of these methods in relation to WPCs and to point out the most important further work needed in computer-assisted design and tailoring of strong and durable WPCs.
Materials and methods

Material processing
The PLA-birch cellulose composites were prepared using PLA from Hycail (HM 1011, melt flow rate 2-4 g/10 min) and bleached cellulose pulp from MetsaB otnia without modifications. Pulp was dried 12 h in 50 C before compounding to the moisture content below 2%. The materials were compounded before injection moulding to ensure the proper mixing of materials using co-rotating Berstorff ZE 25x33D compounder to 20 and 40 wt% fibre contents. Compounding of pulp and polymer was made with temperature gradient 160-195 C and injection moulding with temperature gradient 170-195 C. In injection moulding the mould temperature was 27 C and pressure 80-120 bar. They were injection moulded to standard-shaped tensile test pieces (i.e. 'dog bone specimens', see Figure 1 ) with Engel ES 200/50 HL injection moulding machine.
SEM analysis
The morphology of injection moulded samples was studied by SEM from the cross-section of the sample. In order to get good visibility surfaces for SEM imaging, the sample was cooled in liquid nitrogen and broken in two. The sample surface was coated with gold to prevent charging of the surface. The imaging was made using JEOL JSM T100 in secondary electron mode with an acceleration voltage of 25 kV.
Fibre analysis
To determine the fibre dimensions of the injectionmoulded composites, the polymer matrix was dissolved from the test samples. PLA was dissolved with methylene chloride by heating the chemical to its boiling point (39.8 C) and the dissolved components were filtered with glass sinters and washed with methylene chloride. The dimensions (length, width, aspect ratio and fines proportion) of the remaining fibres were analysed using the automated fibre analyser L&W STFI FibreMaster (FM).
X-mCT
Microtomographic images were created from a small piece of the 40 wt% birch pulp-PLA composite. For X-mCT imaging, cylindrical sample of approximately 1.1 mm diameter was cut from the composite material using a rotary tool. The sample was glued onto the top of a sample holder rod and a tomographic image was acquired using XRadia mCT-400 device with 1.2 mm resolution, 30 kV acceleration voltage and 3 W X-ray power. A tomographic slice through the material is shown in Figure 2 .
Tensile testing
Tensile testing was performed according to SFS-EN ISO 3167:2003 using Instron 4505 mechanical test equipment. The samples were dog bone shaped standard samples and five parallel samples were tested. Tables 1 and 2 list the material parameters for the 40 and 20% birch pulp-PLA composites, respectively. The Young's modulus of the fibres was assumed to be 37 GPa based on the wood species and density. The original reference was a web page by Neagu 15 December 2009, where the values ranged between 32 and 42 GPa. This web page is not found on the net any more, but in a paper by Neagu et al. the Young's modulus for birch pulp fibre was about 38 GPa. 25 The Young's modulus of the matrix was measured by tensile testing of pure PLA. The Poisson ratios were assumed 0.3 for the matrix and 0.2 for the fibres. The shear modulus of the matrix was calculated using the isotropy assumption. The critical interfacial shear stress between fibres and matrix c was assumed based on Zhang's results. 26 The strength of the matrix was measured by tensile testing pure PLA. The strength of the fibres was taken from studies from Roberts et al. 27 The average fibre angle for each composite was obtained from SEM images manually. The result is very approximate. More exact information could be derived from microtomography but that was not possible in this small project. The fibre length distributions were combined from the FM and SEM analysis results.
Material characteristics
Theoretical consideration
In the composites of the current study, the fibres are weakly oriented. The average fibre angle avg (the angle between the loading direction and the fibre) is about 46 for the 40% birch pulp-PLA composite and about 30 for the 20% birch pulp-PLA composite. For stiffness calculation both composites can be approximated by a two-dimensional (2D) random composite. According to Pan 20 the stiffness of a 2D random short fibre composite in the loading direction is
where E f is the fibre stiffness, E m is the matrix stiffness, V f is the fibre volume fraction and V m is the matrix volume fraction.
For a 2D random composite the stiffness in the transverse direction is the same
The Poisson's ratio is approximated by
where f is the Poisson's ratio of the fibre and m is the Poisson's ratio of the matrix Taking into account equation (2)
In a 2D random composite the shear modulus can be calculated analogously to isotropic materials
According to Chen 22 if the (average) fibre angle is small (most of) the fibres break first; if the fibre angle is large the matrix fails first in tension; at intermediate angles the interface fails in shear.
In the composites of this study, the fibres are very short and the interface is rather weak. Both these factors promote interface failure.
In most studies of strength of short fibre composites, the fibres are assumed fully oriented in the direction of the loading. In the common simplification 12 of the shear lag model originally proposed by Cox, 14 the stress in the matrix is transferred to the fibres according to equation (6)
where f is the axial stress in the fibre, is the shear stress at the fibre interface and r is the fibre radius. If it is assumed that the shear stress is constant c , integration of equation (6) gives
where x is the distance from the fibre end. This means that the axial stress changes linearly at the fibre ends.
If the strength of the fibre is Ã f then critical fibre length needed for the fibre to break is
The length, radius and critical length distributions of the 40% birch pulp-PLA composite are shown in Table 3 and the corresponding distributions of the 20% birch pulp-PLA composite in Table 4 .
If the fibres are long enough for the stress to be fully transmitted to the fibre so that the fibres break before the bond between the fibre and matrix fails or the matrix itself fails, the strength of the composite is equation (9) 12
where l is the fibre length and 0 m is the stress in the matrix when the fibre breaks.
If the length of the fibre is below the critical length the fibres don't break, but the bond fails and the fibres are pulled out. The strength of the composite is then
where Ã m is the matrix strength.
In the current study, the governing failure mechanism in the more oriented 20% birch pulp-PLA composite is assumed to be fibre breaking. While calculating strength the fibres are assumed to be fully oriented. The strength was first calculated for each composite fraction corresponding to an identified fibre length fraction separately (using the middle value of the fraction as the fibre length) and then a weighted average was calculated. In the less oriented 40% birch pulp-PLA composite, the governing mechanism is assumed to be interface failure. Bond failure at the fibre-matrix interface can be a shear failure along the fibre, an opening mode failure at the interface due to tensile stress transverse to the fibre or a mixed mode failure due to the combination of shear stress and transverse-to-the-fibre tensile stress. Local stress concentrations at the fibre-matrix interface due to the difference in the elastic moduli between the matrix and the fibre promote interface failure.
If the angle avg is large, the interface failure can be considered opening mode failure due to the transverseto-the-fibre tensile stress. If the angle is small, the failure can be considered shear failure due to the shear stress transferring the load to the fibre. At intermediate cases both (local and global) shear stress components and the tensile stress transverse to the fibre all affect the failure at the interface.
In the 40% birch pulp-PLA composite the angle avg is large and the interface is relatively weak. Thus, the likely failure mode is interface failure in transverse tension.
The yield strength of the composite is reached when the fibres start to de-bond, which shows as a sudden or gradual change in the slope of the stress-strain curve. The change is more sudden if the fibres are well aligned along the loading direction. If the fibre alignment is more random, the bond of differently aligned fibres breaks at different load and thus the change in the slope is gradual. Breaking of fibres can also cause gradual degradation of stiffness if the fibre angles and fibre lengths vary a lot.
Modelling
Building up of numerical finite element models, mesh modification steps and statistical post-processing of results were carried out following and adapting methodologies presented in relation to the VTT ProperTune TM multiscale modelling toolset, 28, 29 previously applied to various different kinds of composite material microstructures. In the current work, 2D FE meshes were created from the microtomographic images by the OOF2 programme 30 preceded by segmentation to a binary image. The first models contained two phases, the matrix and the fibres. The meshes were further processed and smoothened after the initial discretisation, which aims at meeting the criteria set for the image-based discrete phase distribution, to improve mesh quality and remove element features impairing the numerical computations. In order to better model the stress-strain behaviour, a third phase was added at the border of fibres and matrix with image analysis tools. This model is an effective interface model, where an interface region and phase of finite thickness are introduced to capture the mechanical response of the interface region. In essence, it can be viewed also as a mean field approximation of the actual smaller spatial scale interface features. The interface region is created by first identifying all phase boundaries from the processed image, and subsequently adding a finite thickness layer in between phases by directly modifying the pixel structure. In current work, a symmetric interface with respect to the interface polyline was created on the basis of available image resolution, adding a single pixel/voxel to each side of the interface to obtain the finite thickness layer. Figure 2 shows one slice through the stack in the microtomographic volume image. Slices at locations ¼, ½ and g of the specimen thickness were chosen and 2D FE meshes were created. Quad meshes, triangular meshes and mixed meshes were made with linear elements. The stiffness of the matrix was 3771 MPa (average of experimental values with variation AE 150 MPa). The stiffness of the fibres was varied between 30 and 42 GPa. The 3D Poisson's ratio of the matrix was assumed 0.3 and the 3D Poisson's ratio of the fibres 0.2. The different meshes gave very similar results and most of the models were made with a mixed mesh. Figure 3 shows a mixed FE mesh of the slice image (in Figure 2 ). In later models, a third material phase was created between the fibres and the matrix utilising modern image analysis tools (see Figure 4 ). A plastic model created from an experimental stress-strain curve of PLA was used for the matrix and the border phase (see Table 5 ). The elastic modulus of the PLA matrix was taken as 3771 MPa. As the image analysis-based creation of the border phase took some area from inside the fibres as well as area inside the matrix, and also it is unknown how much of the fibre surface is bonded to the matrix, the correct stress-strain curve was fitted by varying the elastic moduli of the fibres between 30 and 50 GPa and the border phase between 1000 MPa (representing nearly no bond) and 11 GPa (representing strong bond and compensating for the lost area of the fibres).
Results
Experimental results
Prior to modelling, fibre dimensions, morphologies and the mechanical performance of the composites were analysed. The fibre length and radius distributions of the 40% birch pulp-PLA composite are shown in Table 3 and the corresponding fibre distributions of the 20% birch pulp-PLA composite in Table 4 . From the results it can be seen that the breaking of the fibres in the process has been more intensive with higher fibre content. Morphologies of the composites analysed with SEM imaging are seen in Figures 5 (40 wt% fibres) and 6 (20 wt% fibres), showing some gaps and disconnected fibres in addition to fibre breakage. The experimental stress-strain curves are shown in Figures 7 and 8 and the yield strength values presented in Table 7 . Higher fibre content provides higher stress at break for the PLA matrix with lower elongation. The experimental tensile strength was 51.9 MPa with standard deviation 1.2 MPa for the 20 wt% fibres composite and 63.2 MPa with standard deviation 1.8 MPa for the 40 wt% fibres composite.
Calculations by the analytic methods for short fibres
The elastic values of the two composites calculated by Pan's approach are shown in Table 6 . Table 7 shows the stiffness and yield strength of the composites predicted by the short fibre theory compared to the experimental values. The failure mode in 20% birch pulp fibre-PLA composite is assumed to be fibre breaking. The fibres are considered fully aligned. The strength of each fraction calculated by the short fibre theory is shown in Table 8 . The average strength Figure 3 . A part of a 2D mesh created from the microtomography image ( Figure 6 ). obtained for the 20% birch pulp-PLA composite is thus Ã c ¼ 52.9 MPa.
Calculations by the finite element method
The stiffness of the 40% birch pulp-PLA was calculated from the FE models and compared with the experimental value. Table 9 shows the stiffness of the composite calculated from different two-phase FE models compared to the average value from the experiments. The E modulus of the fibres was varied between 30 and 42 GPa. The stress-strain state in 2D differs from that in 3D according to the plane stress or plane strain constitutive relations. 31 In order to quantify the effect of using 3D or 2D material input, some of the plane strain models used the original 3D input moduli and Poisson's ratios of the fibres and matrix whereas the other plane strain models utilised input values transformed from 3D to 2D by equations (11) and (12) . 31 The composite results of all plane strain models were transformed from 2D to 3D by using (11) and (12) backwards. In the plane stress models neither transformation is necessary. In the plane strain models with both transformations, the error in stiffness was between 2 and 17% with E modulus 32 GPa giving errors between 2 and 8%. In the plane strain models where the original 3D moduli and Poisson's ratio were used but the composite results were transformed from 2D to 3D the error was between 5 and 13%. In the plane stress models, the error was between 8 and 13%. With fibre modulus 37 GPa the error in the plane stress model was 11% and with fibre modulus 32 GPa 13%
The Poisson's ratios obtained from the FE models are also shown and compared to values obtained by the rule of mixtures (ROM) in Table 9 .The difference to ROM is clear in models with high modulus of the fibres. This is partially because the fibres are not fully aligned in the loading direction and partially because they act both in series and in parallel with the matrix while the ROM assumes that the fibres and matrix act in parallel. Thus, in soft matrix the stiff fibres move and orient in the loading direction and on the other hand the matrix elongates more than it could if the fibres were acting only parallel with the matrix. Figure 9 (a) shows as a contour plot the von Mises stress distribution in a small area of a two-phase model and Figure 9 (b) the maximum principal strain distribution. Figure 10(a) shows a contour plot of the von Mises stress distribution in a small area of the best three-phase model and Figure 10 (b) the material distribution in the area. The maximum von Mises stress in the three-phase model is 1187 MPa while the overall stress of the composite is 80 MPa. This very high stress is limited to very small area. Stresses in the range of 300-400 MPa occur in a somewhat larger area at narrow ligaments of the fibres. When the overall strain of the composite is 1.5% the maximum principal strain in the model is about 12.5%, while strains in the range of 3.5-5% occur in somewhat larger areas between fibres.
The stress-strain curve obtained from the threephase plane strain model with the best parameter set (E fibre 30 GPa, E matrix 3771 MPa, E border 10 GPa, transformed to 2D, i.e. in the model E fibre 31,250 MPa, E matrix 4144 MPa, E border 10,989 MPa, matrix and border modelled with plasticity) is compared to experimental stress-strain curves (in Figure 11 ). The elastic modulus prediction of this model was 8139 MPa (about 2% error). Figures 12((a) to (f)) show the statistical von Mises stress, strain in the loading direction and equivalent plastic strain distributions and cumulative distributions from the best threephase model.
Discussion
Stiffness prediction
The stiffness calculated by Pan's method (Table 6) is very close to the experimental value for both fibre volume fractions (0.2 and 4.9% error). Also the FE models (Table 9 ) gave rather accurate stiffness predictions (2-17% error in plane strain models with both transformations and 5-13% error in plane stress models). As the elastic modulus of the fibres is not known very accurately, it had to be varied to see the effect on the composite modulus. The models are not very sensitive to the elastic modulus of the fibres, but they are rather sensitive to the elastic modulus of the matrix. This is natural as most of the deformation occurs in the soft matrix. 
Stress-strain curves and strength prediction
It is clear from Tables 3 and 4 that only the longest fibre fractions can strengthen the composite. In both composites the more longitudinal fibres will tend to break and the more transverse fibres tend to fail at the interface. The SEM images show that some fibres did break and in some others the interface failed in shear (see )). This is because the fibre orientations and lengths vary greatly. The yield strength for the 20% birch pulp-PLA composite as estimated by the short fibre theory is very close to the experimental value (about 2% error). In this composite there is not a clear yield stress though (see Figure 5 ), but gradual degradation of stiffness followed by rather abrupt plateau at the ultimate strength 62.7 MPa. The fact that the ultimate strength is not larger than the yield strength could be explained partially by the small amount of fibres long enough to break and abrupt fracture of the aligned fibres and partially by the fact that a small fibre volume fraction does not cause much crack blunting and crack zigzagging.
The dominant failure mode of the 40% birch pulp-PLA composite is assumed to be interface failure in transverse tension. Thus, the strength cannot be calculated with the short fibre theory without a statistical distribution of fibre orientations and more information on bond strength. The statistical distribution of fibre orientations could be obtained from the 3D tomographic image, but in this small project there was no time for that. There is no clear yield stress in the 40% birch pulp-PLA composite, but gradual degradation of stiffness, which is natural as the fibre angles are large and vary a lot. When the fibres break or debond one by one, the stiffness of the composite gradually degrades. The ultimate strength in this composite is 74.1 MPa, which is considerably larger than the yield stress. This could be partially explained by the larger amount of fibres compared to the 20% birch pulp-PLA composite, of which some are long enough to break even if not very well aligned, and partially by fracture mechanical effects like crack blunting caused by the fibres and large crack surface area caused by the crack zigzagging between the fibres. Also the strain at ultimate stress is in the same range in both composites (see Figures 2 and 3 ) and in a stiffer material with same strain the stress is naturally higher.
The three-phase FE model
From the results of the two-phase FE model (see Figure  8 (a) and (b)) it can be seen that the highest stresses occur at the fibres and the largest strains in the matrix at narrow gaps between the fibres. A serious problem with these FE models is that in real life the bond between the fibres and matrix is not perfect. In these composites without bond-enhancing agents the bond was rather poor. The two-phase models did not take this into account. In later models a third material phase was created between the fibres and the matrix utilising modern image analysis tools ( Figure 10 ). From Figure 10 (a) and (b) one can see that the highest stresses occur in the narrow parts of the fibres and especially places where the fibres are attached to each other with only small ligaments. It is possible though that some of these are artefacts caused by the image analysis-based 2D FE model generation. A 3D model would give more information on this. The local stresses and strains in the model are much larger than the overall stresses and strains of the composite, and above the strength of the fibres and the failure strain of the matrix, respectively. This is caused by the fact that the fibres were modelled as elastic and isotropic, the matrix and interphase as elastic-plastic, details of the interphase (local initial debonds, etc.) were not modelled, the composite and model were loaded to ultimate stress and damage and stress redistributions were not taken into account in the model. The maximum von Mises stress in the three-phase model was over 1000 MPa when the overall stress of the composite was 80 MPa. This high stress was limited to very small area and is probably an artefact. Stresses in the range of 300-400 MPa occur in a larger area in some ligaments of the fibres. The stresses in the model should not be taken as real stresses in the microstructure but they can give insight on the key features of the microstructure and key phenomena of the failure. The real correlation between stresses and strains in the model and failure in the experiments should be studied using models with more detailed information on the bond between the fibres and anisotropic elasticity (or even anisotropic elasto-plasticity) for the fibres together with experimental testing utilising optical methods to obtain local strain measurements during the test. Damage might also be taken into account in the models. Still, the best three-phase FE model was able to predict the stress-strain curve of the 40% birch pulp-PLA composite with good accuracy (Figure 10 ). Also the fitted value for the stiffness of the fibres in this model was in the range obtained in literature. 25 A remaining problem is that the current models employ isotropic material properties for the fibres. As the fibres carry load primarily in their longitudinal direction the elastic modulus and Poisson's ratio of the longitudinal direction were chosen. Adding anisotropy into the numerous and nearly arbitrarily shaped fibres is difficult and it was not included in this project.
Statistical study of stresses and strains
In the statistical strain distribution of the three-phase model (Figure 12(c) ) there are three peaks corresponding to the three phases (fibres, border and matrix) but in the equivalent plastic strain distribution (Figure 12(e) ) only two as the fibres were modelled as elastic. If we have two composites with similar materials but different microstructure or architecture (fibre lengths, widths, orientations, fibre integrity, bond strength, agglomerations, fibre-fibre interactions, possibly also extra strengthening elements like natural fibres in different orientations) these figures can be used for comparing the composites to each other and taking systematic steps towards tailoring the materials towards improved properties and application performance. The microstructure or architecture that gives smaller stress levels in the fibres and border and smaller strain levels in the matrix and border is preferable as it indicates higher strength. The maximum stresses should not be used in such a comparison as they usually occur at very small area and may even be artefacts caused, for example by badly shaped elements, and unless the material is very brittle such a small stress concentration does not cause breaking of the specimen when of smaller size scale than that of the critical failure mechanism. A suitable percentile of the distribution should be used instead. In unpublished commercial projects of the authors, a level around 99% has been found to be suitable for many materials, but for WPCs this is still somewhat unmapped territory. The suitable probability level means that the stress level is reached at a large enough area to cause breaking of the material. The same problem is in the strain calculations as well, because in some narrow gaps between fibres the strains may grow very high in a small area. This should be studied further by combined modelling and experiments and finally it will be possible to derive microstructural stress intensity factors and strain intensity factors for predicting strength of the material from the microstructural model.
Further work
A more rigorous analytical approach would include a statistical distribution for the fibre angles, use some mixed mode failure criterion for the interface and integrate over the distributions to obtain the estimates. This would need an experimental value for the transverse tensile strength of the interface. The longitudinal tensile strength of the interface could be obtained from fibre pull-out tests and the shear stress could be calculated from Cox's theory. The tensile stresses could be taken as the applied strain transformed to the coordinate system along the fibre multiplied by matrix stiffness.
The FE approach used in this study is also very approximate. The real bond area and the interfacial shear strength (ISS) between matrix and fibres are unknown and the anisotropy of the fibres is not included in the model. In further projects it is important to include more information of the fibre-matrix interface in the FE models. It is necessary to study the bond areas between the fibres and the matrix more thoroughly. With fibre pull-out tests and optic or X-ray methods, it is possible to find the properties of the border phase. Three-dimensional models based on microtomographic images will give more information on the true stresses and strains in the composite. Additionally, the present models did not take viscoelasticity into account, which may have some effect on the stress-strain curves as the matrix material is highly viscoelastic. It is possible to add viscoelasticity in the models and compare to tensile tests at different loading rates. It would also be better to create the border phase so that it takes area from the matrix only and leaves the fibres intact. This would reduce the number of fitting parameters and enable more realistic treatment of the bond. In the long run, it will be possible to tailor WPC composites and rank different WPC microstructures and architectures using microtomography-based FE models and statistical study of the stresses and strains.
The local stresses and strains and the strength indicative probability levels in stress and strain distributions should be studied further by combined modelling and experiments. This would enable derivation of microstructural stress intensity factors for predicting strength from the microstructural models in all loading directions, and even under combined loadings from the microstructural models. Those microstructural stress/ strain intensity factors would be perfect tools for engineers designing with WPCs and would thus promote sales of WPC materials. This kind of study would also enable optimisation of microstructures of WPCs and hybrid WPCs that contain more phases, for example added natural fibres, and developing new high-strength materials with desired amount of ductility.
These composites as such are feasible only for limited applications. The fibres are too short and the ISS too small. Additionally, the fibres are not well aligned. By using some coupling agent, for example maleic anhydride grafted polypropylene 32, 33 it is possible to increase the ISS. The cutting forces in mixing screw during compounding and injection moulding break the fibres too short. If the fibres could somehow be protected against this premature breaking during processing, or the compounding and injection moulding process stages could be improved to reduce fibre breakage, it would be possible to create stronger composites. As this is difficult, possibly the main asset in order to strengthen WPCs is related to interaction between matrix and fibres combined with proper distribution of the fibres. Malkapuram et al. 33 list several possible methods for modifying natural fibres to be used in polymer composites.
Summary
This work presents methodology of assessing stiffness and strength of WPCs with the theory of short fibre composites and with tomography-based FEM. The most critical further steps needed in order to fully assess the stress-strain behaviour, strength and stiffness of WPCs are discussed and a FEM assisted way of comparing WPC microstructures is presented. Accurate stiffness predictions were obtained: errors were in the range of 5% with the short fibre theory and with the best FE models. Strength prediction was also very good with 2% error in the case of reasonably well aligned fibres. With the FE method even the stress-strain curve of the composite was obtained with good accuracy. Still, this study contained some fitting due to insufficient data on the fibre-matrix interface. This information must be obtained experimentally to be able to give fully reliable strength and stress-strain curve predictions. Presenting modelled stresses and strains as statistical distributions enables comparison of different microstructures and architectures. In the future it will be possible to optimise composites and predict strength of WPCs using microstructural stress/strain intensity factors derived from tomography-based FE models.
The applied material systems were simplified for the case study. They are feasible as such only for limited applications. The fibres are too short and the ISS too small. By using coupling agents it is possible to increase ISS. Different wood species and processing systems would give different fibre length and width distributions. Architectures with added natural or synthetic fibres are also possible. There is still much room for research and development in structure and processing of WPCs, especially in improving strength and dimensional stability. The modelling methods presented here are good tools to be utilised as a part of this development.
